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The phenomenon of loss aversion (the tendency for losses to have a greater impact than
comparable gains) has long been observed in daily life. Neurocognitive studies and brain
imaging studies have shed light on the correlation between the phenomenon of loss
aversion and the brain region of the prefrontal cortex. Recent brain stimulation studies
using bilateral transcranial magnetic stimulation or transcranial direct current stimulation
(tDCS) have obtained various results showing the causal relationship between brain
regions and decision making. With the goal of studying whether unilateral stimulation
can change participants’ risky decision making in the frames of gains and losses,
we applied different polarities of tDCS over the regions of the right or left prefrontal
cortex. We also designed a risk measurement table (Multiple Price List) to reflect the
participants’ attitudes toward risky decision making via the crossover point including
the frames of gains and losses. The results of our experiment indicated that the
participants tended to be more risk averse in the gain frame after receiving left anodal
tDCS and more risk seeking in the loss frame after receiving right cathodal tDCS,
which was consistent with the hypothesis that the process of risky decision making
was correlated with the interaction of multiple systems in the brain. Our conclusion
revealed an asymmetric effect of right/left DLPFC when the participants faced gains and
losses, which partially provided the neural evidence and a feasible paradigm to help
better understand risky decision making and loss aversion. The current study can not
only expand the traditional understanding of the behavioral preferences of humans in
economics but also accommodate empirical observations of behavioral economists on
the preferences of humans.
Keywords: risk preference, loss aversion, transcranial direct current stimulation, dorsolateral prefrontal cortex,
asymmetric effect
INTRODUCTION
To determine how to address the complex problems of daily life, it is necessary to understand
human decision making in the face of risk and uncertainty (Gurevich et al., 2009). For example,
when offered a bet with an equal probability of winning or losing $100, most people would refuse
to participate in the gamble. Behavioral economists and psychologists have demonstrated that a
loss of $X is more aversive than a gain of $X; this phenomenon is called loss aversion and is closely
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related to risky decision making (Kahneman and Tversky, 1979,
1984; Tversky and Kahneman, 1992). Loss aversion also implies
that when facing two options, for example, (A) a probability
of 1.0 to win $3000 or (B) a probability of 0.8 to win $4000,
most participants would choose the former. When faced with a
different set of options, (A) a probability of 1.0 to lose $3000 or
(B) a probability of 0.8 to lose $4000, most participants would
choose the latter (Kahneman and Tversky, 1979).
In summary, compared with acquiring gains, people always
have a much stronger intention to avoid potential losses,
which is one of the most well-known and earliest reported
anomalies discovered by economists (Tversky and Kahneman,
1981; Kahneman et al., 1990). In the middle of the 20th
century, Markowitz (1952) and Williams (1966) studied this
kind of abnormal behavior of investors in the stock market.
Kahneman and Tversky (1979, 1984) studied the phenomenon
of loss aversion and described the process in the framework of
prospect theory: contrary to the traditional utility theory, the
shape of the value function, which can be expressed as v(·), and
the weighting function, which can be expressed as w(·), reflect
the psychophysics of diminishing sensitivity in the theoretical
framework of prospect theory. The value function is concave
for gains but turned to be convex for losses, according to the
theory, which indicates that the marginal impact of a change in
outcome or probability diminishes with the distance from the
relevant reference points (Kahneman and Tversky, 1979, 1984;
Tversky and Kahneman, 1991, 1992). The characteristic of the
value function, with a concave shape for gains and convex for
losses, contributes to the risk aversion for gain but risk seeking
for losses (Boorman and Sallet, 2009).
Evolutionary psychologists regard loss aversion as an instinct
that evolved in humans (Breiter et al., 2001; Kenrick et al., 2009;
De Martino et al., 2010; Sokol-Hessner et al., 2012). Most of the
time, earnings and income would improve the living conditions
of our ancestors, whereas unexpected losses could lead to death.
For example, when crossing a dessert, additional drinking water
would make people more comfortable, but lack of water would
be fatal. In uncertain conditions, there are inevitably asymmetric
expectations associated with gains and losses (McFarlane and
Pliner, 1997). If this evolutionary claim is correct, then loss
aversion is not a process of rational calculation but is more
likely controlled by a neural structure in our brain that evolved
long ago (Wilkinson and Klaes, 2012). Neuroeconomists and
neuropsychologists have suggested that decision making under
uncertainty is not a process of rational calculation based on
the theory of classical economics but, rather, a heuristic process
implemented in a brain region or neural structure to solve these
problems in the face of uncertainty. Our brains and neural
systems may form fixed neural circuits that are stimulated by
survival-related events to ensure efficient decision making under
similar conditions.
Recent neuroimaging studies have suggested that the risky
decision making process of humans largely relies on the function
of different brain regions. Breiter et al. (2001) applied functional
magnetic resonance imaging (fMRI) and found that the amygdala
and orbital gyrus were activated when the participants were faced
with losses; Knutson et al. (2001) used a monetary incentive
delay task to demonstrate the correlation between risky decision
making and the striatum; Tom et al. (2007) revealed the neural
basis of loss aversion, which attributes the decision process to the
interaction and combination of different brain regions, including
the ventromedial prefrontal cortex (VMPFC) and the ventral
striatum (VS). Pammi et al. (2015) studied differences in neural
loss aversion between depressed and healthy individuals to find
that the two groups shared a brain network for value function
approximation including the right ventral striatum, VMPFC, and
right amygdala. As one of the most important brain regions in the
cognitive process, the dorsolateral prefrontal cortex (DLPFC) has
also been proven to be a region relevant to risky decision making.
Mohr et al. (2010) used quantitative meta-analyses to reveal that
the DLPFC was significantly activated in choice situations of risky
decision making. Other evidence also revealed that the superior
frontal gyrus (SFG), which is adjacent to the DLPFC, showed an
increased activation during risky decision making (Engelmann
and Tamir, 2009). All of the fMRI studies allowed researchers
to identify the neural circuitry underlying different but related
cognitive processes. However, non-invasive brain stimulation
is also indispensable for allowing us to better understand the
neurological process of decision making by showing us how the
modulation of a specified brain region can directly impact our
behavior.
Brain stimulation technologies, such as transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation
(tDCS), have been widely used to study the neurological
correlations of risky decision making and the changes in risk
attitudes caused by stimulation in healthy participants (Gandiga
et al., 2006). Compared with neuroimaging studies, brain
stimulation studies are more focused on the cortex. Knoch et al.
(2006) applied TMS to diminish the function of the right DLPFC
of participants and found significant risk-seeking behavior in
decision making in the TMS group. Fecteau et al. (2007a)
showed that participants receiving right anodal/left cathodal
tDCS adopted a risk-averse response style. Fecteau et al. (2007b)
also indicated that simultaneous tDCS stimulation over the right
and left DLPFC led participants to become much more risk averse
than those with unilateral or sham stimulation. Boggio et al.
(2010) found that after receiving left anodal/right cathodal tDCS,
the older participants tended to choose the high-risk prospect
more often than after receiving other kinds of stimulation.
Weber et al. (2014) found that enhancing the activity of either
the right or left DLPFC using tDCS did not change the risk
attitudes of participants. Ye et al. (2015b) demonstrated that right
anodal/left cathodal stimulation over the DLPFC caused risk-
seeking behavior in situations of gains but risk-averse behavior
in losses.
These varying results may be attributed to the use of different
stimulation modes and experimental tasks (BART, “Balloon
Analog Risk Task” or Roger’s Risk Task) (Rogers et al., 1999).
In this study, we used tDCS to study the neural basis of loss
aversion. By applying different polarities of tDCS over the right or
left prefrontal cortex, we studied whether unilateral stimulation
could change the participants’ responses to risky decision making
in the face of gains or losses. We designed a simpler and clearer
risk measurement table (Multiple Price List, MPL) based on a
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previous study, which reflected the participants’ degree of loss
aversion in the risky decision making based on the crossover
point (CP) in the frames of both gains and losses (Holt and Laury,
2002). According to the previous study, which used a risk task
based on the design by (Holt and Laury, 2002; Ye et al., 2015a), we
hypothesized that the DLPFC is responsible for risky decisions,
and, furthermore, the right and left DLPFC areas play different
roles in this process; the left DLPFC is sensitive to gains, whereas
the right DLPFC is sensitive to losses.
The results of our experiment show that the tendencies of
the participants are to be more risk averse in the gain frame
after receiving left anodal tDCS and more risk-seeking in the loss
frame after receiving right cathodal tDCS. The behavioral result
is consistent with the loss aversion phenomenon in prospect
theory. Our hypothesis that the process of risky decision making
is correlated with the interaction of multiple systems in the brain
can be partly confirmed (Rick, 2010). Our findings suggest that
the left hemisphere is responsible for the evaluation in the gain
frame, whereas the right hemisphere takes charge in the loss
frame, which leads to risk aversion in choices involving sure gains
and risk seeking in choices involving sure losses. This asymmetric
effect improves our understanding of the different roles that the
different regions of the DLPFC play in the process of decision
making under risk, and it extends our knowledge of the left
DLPFC’s function when facing gains and losses. In particular, our
conclusion provides partial neural evidence and creates a useful
paradigm to help us to better understand loss aversion in the
framework of prospect theory.
MATERIALS AND METHODS
Subjects
We recruited a total of 150 healthy students (82 females; mean age
21.3 years, ranging from 18 to 28 years) of Zhejiang University
as the participants in our experiment. All participants met the
following conditions: they were right-handed, naive to both tDCS
and risk tasks, had no history of clinical impairments, psychiatric
illness or neurological disorders. The participants were randomly
assigned to the sham treatment (n = 30, 15 females) or to one
of the four active treatments: left anodal tDCS (n = 30, 16
females), left cathodal tDCS (n = 30, 17 females), right anodal
tDCS (n = 30, 20 females) and right cathodal tDCS (n = 30, 14
females). The participants received a fixed show-up fee of 30 RMB
yuan (∼4.40 US dollars) plus the gain and loss from the task.
On average, they received 32.34 RMB yuan (∼4.76 US dollars)
from the task, ranging from 9 to 51 RMB yuan according to
their performance and the computer program. The experiment
was approved by the Zhejiang University ethics committee. The
participants were asked to give written informed consent before
starting the experiment. Some participants reported a slight itch
during the stimulation, but none reported any adverse side effects
involving pain on the scalp or headaches.
Transcranial Direct Current Stimulation
Transcranial direct current stimulation applied weak but
constant direct current over the scalp via two saline-soaked
sponge electrodes (35 cm2). The constant current was delivered
by a battery-driven stimulator (Multichannel, non-invasive
wireless tDCS neurostimulator, Starlab, Barcelona, Spain), which
was controlled by a Bluetooth system. The purpose of the tDCS
was to induce cortical excitability of the target area without
causing any physiological damage to the human body. Different
orientations of the current have different effects on cortical
excitability. In general, the anodal stimulation enhances cortical
excitability and cathodal stimulation decreases the cortical
excitability (Nitsche and Paulus, 2000).
We chose the right F4/left F3 and Pz to place the electrodes,
according to the international EEG 10–20 system (Figure 1).
We stimulated the unilateral DLPFC instead of the DLPFC
bilaterally because we aimed to distinguish the impact of the
right or left DLPFC from the effects of changing the balance of
activity across both DLPFCs. The parietal cortex was chosen to
construct the current circuit together with the DLPFC because
of its reasonable spatial and functional distance from our target
region, which decreased the possibility of stimulation interaction
or task interference (Simon et al., 2002).
Participants assigning to different treatments received
different stimulations. For right anodal stimulation, the
anodal electrode was placed over F4, while the cathodal
electrode was placed over Pz. For left anodal stimulation,
the anodal electrode was placed over F3, and the cathodal
electrode was also placed over Pz. For right cathodal and left
cathodal stimulation, the placements were reversed. The anodal
electrode was placed over Pz, and the cathodal electrode was
placed over F4 or F3 (Figure 2). For sham stimulation, the
same procedures were applied, but the current lasted only
for the first 30 s. This brief duration of stimulation could
hardly modulate cortical excitability, but the participants may
have felt the initial itching and believed they were receiving
stimulation. This kind of sham stimulation has been proved
to be reliable (Gandiga et al., 2006). The constant current
was 2 mA in intensity, with 15 s of ramp up and down,
which has been shown to be safe and effective by previous
studies.
For stimulation, the laboratory assistant first put the tDCS
electrodes filled with conductive gel on a participant’s head and
told him/her to rest on a sofa to stay calm. After 15 min of
stimulation, the participant was asked to sit in front of a computer
to do the task. After he/she finished the risky decision making
task, the tDCS device was removed from the participant’s head.
Task and Procedure
We designed an MPL, which was consisted of 10 choices
(Table 1), to measure the degree of the participants’ risk aversion
much simpler and clearer. Each choice has two different options,
and in each option there are two realizations (A1 and A2
or B1 and B2) with different probabilities over the 10 rows.
Option A is safer (the “safe” option) compared with option
B (the “risky” option) in the same choice. Participants had
to choose between the two options over the 10 rows in the
two frames of gain and loss. After finishing the task, the
computer randomly chose a row in each frame and decided
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FIGURE 1 | Schematic and locations of the electrode positions. Schematic of the electrode positions based on the EEG 10–20 system (A) and locations of the
dorsolateral prefrontal cortex and the parietal cortex of the human brain (B).
the participant’s gain and loss according to the probabilities
and the options he/she chose. For example, if the computer
randomly chose row 3 in the gain frame, then the participant
could gain 12 yuan (23 yuan) with a probability of 30% or gain
10 yuan (2 yuan) with a probability of 70% given he/she chose
option A (option B). Similarly, if the computer randomly chose
row 10 in the loss frame, then the participant would lose 12
yuan (23 yuan) with a probability of 100% given he/she chose
option A (option B). Both gain and loss were included in the
final payoff, encouraging the participants to earn as much as
possible. The experiment was between-subject design to avoid
the participants’ tendency of anchoring on the previous decision
makings.
We used the experimental software z-Tree to present the
two MPLs in the frames of gains and losses as well as to
automatically calculate the final payoff (Fischbacher, 2007).
Before the task, participants had to pass a control question
test to ensure that they fully understood how their profit
was decided. After the participants finished the task, they
were asked to complete a questionnaire before they finally
received their payment (Figure 3). The questionnaire contained
questions about personal information, such as gender, age,
income, consumption expenditure and self-assessment of risk
preference.
Data Analysis
In the first row of the gain frame, most participants, except
extreme risk-takers, will choose option A because the expected
value of option A is much higher than that of option B (10.2
yuan versus 4.1 yuan). In contrast, in the last row of the gain
frame, all rational participants will choose option B because it
provides a higher certain benefit. The expected value gap between
option A and option B decreases from positive to negative as the
row number increases. As a result, there will be one and only
one CP for a rational participant with a consistent preference
(Viscusi and Chesson, 1999; Holt and Laury, 2002). Option A
is chosen before the CP and option B is chosen at or after
the CP (extreme risk takers may choose option B in each row,
thus the CP is set to 1). For example, if a participant chose
option A in rows 1–6 and then chose option B in rows 7–
10, then his/her CP was 7. The loss frame is in the same way.
Most participants will choose option B in the first row and will
choose option A in the last row in the loss frame. Then, option
B is chosen before the CP, and option A is chosen at or after
the CP. For the gain frame, the participant displayed a higher
degree of risk aversion if he/she had a larger CP. In contrast, for
the loss frame, the participant displayed a higher degree of risk
aversion if he/she had a smaller CP. Therefore, the CP can be
regarded as an index for depicting the participant’s degree of risk
aversion.
We applied a mixed ANOVA using frame (gain vs. loss) as
a within-subject factor and the treatment (right anodal, right
cathodal, left anodal, left cathodal vs. sham) as a between-subject
factor to detect the interaction effects in each condition. Then
we conducted a one-way ANOVA to compare the participants’
CPs across the five treatments in the frame of gain as well as
in the frame of loss. If the CPs of the four active treatments
were significantly different from those of the sham treatment,
we could speculate that the stimulation had changed the
participants’ degree of risk attitude. Finally, we used a linear
mixed effect model to estimate the possible impact of the
treatment effects. The post hoc analyses were conducted using
the Tukey HSD correction, and the critical level of significance
was set at p < 0.05. All the statistical analyses were performed
using SPSS software (version 20.0, SPSS Inc., Chicago, IL,
USA).
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FIGURE 2 | The stimulation modes of the four active treatments. The axis of this electronic potential diagram represents the input voltage of tDCS device,
ranging from −18.476 V to 14.463 V. The deeper color represents the higher voltage and stronger current.
TABLE 1 | Multiple price list.









1 0.1 0.9 0.1 0.9
2 0.2 0.8 0.2 0.8
3 0.3 0.7 0.3 0.7
4 0.4 0.6 0.4 0.6
5 0.5 0.5 0.5 0.5
6 0.6 0.4 0.6 0.4
7 0.7 0.3 0.7 0.3
8 0.8 0.2 0.8 0.2
9 0.9 0.1 0.9 0.1
10 1 0 1 0
RESULTS
We first applied a mixed ANOVA using frame (gain vs. loss)
as a within-subject factor and the type of tDCS (right anodal,
right cathodal, left anodal, left cathodal vs. sham) as a between-
subject factor. The 2 (frame) × 5 (treatment) mixed-model
ANOVA revealed that the main effect for frame was significant
(F1,145 = 53.22, p < 0.001), indicating that the CP was
significantly larger in the gain frame (mean = 5.900) than that
in the loss frame (mean = 4.853, p < 0.001). The estimated
marginal means are shown in Figure 4. A significant main effect
for treatment was also observed (F4,145 = 2.907, p = 0.024).
Crucially, significant interaction effects of frame by treatment
were observed (F4,145 = 2.670, p= 0.035).
Based on the results of the omnibus ANOVA above, we could
focus on the specific analysis to reveal the effects of tDCS on risky
choices. Simple effect analyses revealed a significant difference
in the participants’ CPs in the gain frame and a marginal
significant difference in the loss frame (one-way ANOVA; gain,
F4,145 = 3.009, p = 0.020; loss, F4,145 = 2.348, p = 0.057).
Post hoc analyses indicated that in the gain frame, the CPs
of the participants receiving left anodal tDCS (mean = 6.60)
were significantly larger than those of the participants receiving
sham treatment (mean = 5.53, Tukey HSD, p = 0.019). In the
loss frame, the CPs of the participants receiving right cathodal
tDCS (mean = 5.23) were significantly larger than those of
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FIGURE 3 | Schematic representation of the experimental design.
FIGURE 4 | The estimated marginal means of crossover points in both
frames.
the participants receiving sham treatment (mean = 4.50, Tukey
HSD, p = 0.037). No significant differences were found for
the other active treatments compared to the sham group. This
result indicates that the participants tended to be more risk-
averse in the gain frame after receiving left anodal tDCS and
tended to be more risk-seeking in the loss frame after receiving
right cathodal tDCS. The CPs of the participants are shown in
Figure 5.
The reaction time (RT) was also analyzed by applying a mixed-
design ANOVA. Neither frame nor treatment had any significant
effect on RT, which indicates that the RTs in each condition
showed no significant difference. The mean RT and standard
deviation are displayed in Table 2.
Finally, we applied a linear mixed-effect model with five
dummy variables (four treatments and frame) and personal
information as independent variables, with the CP as the
dependent variable. The five dummy variables and the interaction
FIGURE 5 | The crossover points in the gain frame (A) and the loss frame
(B). The error bars indicate 95% confidence intervals. The asterisks indicate
statistical significance of differences between treatments.
of frame and treatment entered the model as the fixed effects,
whereas the personal information like age and self-assessment
risk as the random effects. The dummy variable R+ was equal
to 1 if the participant received right anodal tDCS and was equal
to 0 if the participant received the other treatments. Similarly,
R-, L+ and L- were equal to 1 if the participant received right
cathodal, left anodal and left cathodal tDCS, respectively. The
Frontiers in Psychology | www.frontiersin.org 6 January 2017 | Volume 8 | Article 38
fpsyg-08-00038 January 21, 2017 Time: 15:14 # 7
Huang et al. tDCS Affects Risk Preference
TABLE 2 | The crossover point (CP) and reaction time (RT) of the
participants.
CP (Mean ± SD) RT (Mean ± SD, second)
Gain R+ 5.70 ± 1.21 84.67 ± 22.63
R− 5.70 ± 1.18 86.03 ± 18.54
L+ 6.60 ± 1.35 90.13 ± 21.72
L− 5.97 ± 1.47 81.83 ± 16.24
S 5.53 ± 1.41 81.97 ± 9.60
Loss R+ 5.00 ± 0.79 85.47 ± 29.96
R− 5.23 ± 1.04 87.03 ± 24.87
L+ 4.77 ± 1.17 88.77 ± 21.37
L− 4.77 ± 0.86 74.37 ± 26.26
S 4.50 ± 1.04 80.06 ± 14.41
dummy variable frame was equal to 1 if the participants facing
gains, otherwise equal to 0. The coefficients and significance of
the linear mixed-effect model are shown in Table 3. We can
see that the frame has a significant impact to the participants’
degree of CP, which is consistent with the behavioral data.
The significant coefficient of R- reveals that the right cathodal
stimulation over right DLPFC may change the participants’ risky
attitude. The interaction of frame and L+ also showed a marginal
significance, which indicates that the influence of L+ stimulation
was significant in the gain frame. The coefficients of personal
information showed no significance.
DISCUSSION
Loss aversion exists in our daily life as an anomaly. For example,
the return on equity is higher than the return on bonds,
and consumers are far more sensitive to price increases than
decreases. These phenomena or anomalies represent systemic
deviations from classical economic theory, especially the basic
hypothesis of the rational man in economics (Camerer et al.,
1997; Camerer, 1998; Camerer and Loewenstein, 2004; Wilkinson
and Klaes, 2012).
TABLE 3 | The coefficients and significance of linear mixed-effect models.
Parameter Estimate SE t
Frame 1.033∗∗∗ 0.302 3.417
R+ 0.488 0.305 1.468
R− 0.666∗∗ 0.306 2.174
L+ 0.201 0.306 0.657
L− 0.259 0.302 0.855
Frame∗R+ −0.333 0.428 −0.779
Frame∗R− −0.567 0.428 −1.325
Frame∗L+ 0.800∗ 0.428 1.871
Frame∗L− 0.167 0.428 0.390
Age −0.041 0.038 −1.093
Self-assessment of risk attitude −0.072 0.082 −0.879
∗∗∗p < 0.01, ∗∗p < 0.05, and ∗p < 0.1.
In addition to the mathematical proof, the psychological
evidence for loss aversion has remained poorly understood.
Some researchers have suggested that loss aversion appears to be
moderated by affect (Trepel et al., 2005). Dhar and Wertenbroch
(2000) reported that loss aversion was more pronounced for
“hedonic goods” than “utilitarian goods”; the affective richness
of consumption goods seemed to enhance differences in the
perceived value of gaining versus losing these items.
Neuroimaging studies have indicated that loss aversion, as
revealed by a risk-attitude measurement, has a neural basis
involving the amygdala, orbital gyrus, and striatum or the
interactional function between them (Knutson et al., 2001;
Fukunaga et al., 2012; Sokol-Hessner et al., 2012; Krawczyk and
D’Esposito, 2013). However, the prefrontal cortex is considered
to be an important area for the emotional cognitive process
of humans, which is inevitable to study its function during
risky decision making. The prefrontal cortex is a large and
heterogeneous brain region, and it appears that different regions
may play different roles in decision making. Our tDCS study
focused on the left/right DLPFC and applied a numerical task
to observe the risk attitude of the participants. Our results
showed that the left and right brain regions exhibit asymmetric
functions in human loss aversion, especially in the gain and
loss frames. To be specific, the participants became more risk
averse in the gain frame when the excitability of their left
DLPFC was enhanced by anodal tDCS stimulation, whereas the
participants showed riskier patterns in the loss frame when the
excitability of their right DLPFC was inhibited by cathodal tDCS.
Concerning the hotly debated topic of whether loss aversion is
a byproduct of a single system or results from the interaction
of multiple systems in the brain, the results of our experiment
add further evidence in support of the latter hypothesis, at
least in the DLPFC. Our findings also support the reliability of
neuroimaging results across different research groups (Cazzell
et al., 2012; Bembich et al., 2014; Holper et al., 2014; Lin et al.,
2014).
To further interpret the mechanism of risky decision making,
we should pay attention to the emotional factors. Previous
studies have shown that a risky decision process is generally
associated with emotions. Specifically, the emotional processing
occurred before the decision processing (Mohr et al., 2010;
Martin and Delgado, 2011). tDCS has also been proven to
be able to influence the emotional processing. For example,
Peña-Gómez et al. (2011) demonstrated that tDCS over the
DLPFC could change the perceived degree of the emotional
valence for negative stimuli; Boggio et al. (2009) suggested
that tDCS was effective in modulating the emotional process
of pain. More recently, Engelmann et al. (2015) observed a
disruption of neural valuation in risky decision processing caused
by the anticipatory anxiety, revealing the neural mechanism
of incidental anxiety on human risky decision making. Cohn
et al. (2015) recruited financial professionals in different financial
scenarios (boom or bust) to find that subjects were more
fearful and more risk averse in the bust than in the boom
condition, suggesting that fear may play an important role in
countercyclical risk aversion. The close relationship between
emotion and risky decision making has also been theoretically
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demonstrated by Phelps and her partners (Phelps et al., 2014).
All of these studies strengthen the evidence linking risky decision
making and the asymmetric mechanism that was found in our
experiment.
Combined with previous neuroimaging and brain stimulation
studies, the asymmetric effect observed in our experiment may
further provide a new perspective on the phenomenon of loss
aversion. As we know, the prefrontal cortex is often thought
to be the primary site for cognitive regulation of emotion
(Davidson et al., 2000), especially the right and left DLPFC, which
play a variety of roles in different cognitive processes. Previous
studies have provided numerous pieces of evidence that the
right DLPFC is related to negative emotions such as depression,
anxiety, fear and so on. Carlsson et al. (2004) demonstrated
that the right DLPFC and the lateral orbitofrontal cortex were
less activated by feared stimuli than to fear-relevant but non-
feared stimuli. Shackman et al. (2009) showed that activation of
the right DLPFC was related to behavioral inhibition. On the
other hand, psychologists and economists have already suggested
that negative emotions such as fear and anxiety could influence
the sensitivity degree to losses (Camerer, 2005; Xu et al., 2009),
which was consistent with our finding. In our experiment, the
participants tended to be more risk-seeking after the cathodal
stimulation over the right DLPFC, which may suggest that the
right DLPFC is a loss-sensitive area that is more activated when
making decisions about potential losses.
The left hemisphere is well known for its functions of logical
analysis and rational calculation (McElroy and Seta, 2004). There
have been few studies to demonstrate the relationship between
the left DLPFC and decision making. However, some evidence
has still shown that the left DLPFC region participates in the
rewarding process associated with the dopamine (DA) system
(Peciña et al., 2013). Combined with our previous results, we may
speculate that the left DLPFC is a gain-sensitive area. When its
cortical excitability was enhanced by anodal tDCS stimulation,
the performance of our participants became more risk averse. In
a word, the asymmetric mechanism of the right/left DLPFC can
help us to better interpret the phenomenon of loss aversion.
The current method of unilateral DLPFC stimulation in our
experiment provides a much more precise measurement of
loss aversion, which may explain the differences between our
results and other observations, and the method may help us
to better understand the neural basis of loss aversion. Sellaro
et al. (2015) showed that using an irrelevant brain region
as a return electrode was possible; therefore, we placed the
return electrode on Pz, for which there is no evidence that
it is related to economic decision making. Unlike previous
tDCS studies, we excluded the effect of tDCS attributed to the
interaction results from modulating the excitability of bilateral
brain regions and only showed the effect of a specific unilateral
neural area. We distinguished between the effect of unilateral
DLPFC stimulation and that of changing the activity across both
DLPFCs. Our results reveal both a hemispheric asymmetry and a
frame-dependent asymmetry in the performance of participants
and suggest that the left hemisphere is responsible for the
evaluation in the gain frame, whereas the right hemisphere
takes charge in the loss frame. That is, when compared with
the left DLPFC, the right DLPFC might be more sensitive
to the change in monetary stimulation. This finding may
help us to understand why the shape of the value function
is concave for the quadrant of gains but convex for the
quadrant for losses (Fox and Poldrack, 2008; Schonberg et al.,
2011).
On the other hand, previous tDCS studies have measured
risk attitudes using various tasks, and different results have
been observed. We applied the MPL based on CPs originally
designed by Holt and Laury (2002) to measure the risk attitudes
of our participants. By using the original MPL design, we
offered a simpler and clearer task table for the participants
and reduced the possibility of switching back and forth from
choice A to B more than once, which is inevitable in random-
order designs. This strategy avoided potential inconsistencies in
preferences, which is an important standard for rational decisions
(Viscusi and Chesson, 1999). Because the MPL design has been
popular in economic experiments to induce the utility function
of risk attitudes, it is much more convenient to compare our
experimental results with those of similar experiments.
A limitation of the current study was that we applied a
between-subject design to avoid a potential learning effect in
our experiment. Such a between-subject design may result in
heterogeneity and diminished power of the data analysis. On
the other hand, the decision making of the participants in the
experiment relied on the expected value, and we still cannot
evaluate the risk attitude precisely to model loss aversion. Future
studies may focus on solving the trade-off between heterogeneity
and the learning effect through more refined experimental
designs, such as the BART or Roger’s task. Unlike the MPL task,
these kinds of risky attitude measurements may have a more
intuitive feeling for the participants. The frames of gains and
losses in the current experiment were not counterbalanced, which
might cause order effects. In addition, different brain regions,
such as the striatum and the amygdala, can also be considered
to help us explore the process of decision making better in the
future.
CONCLUSION
The current study explained why the majority of decision making
tends toward risk aversion when facing choices that involve sure
gains and risk seeking when facing choices that involve sure
losses, and it also revealed both a hemispheric asymmetry and a
frame-dependent asymmetry in the performance of participants
confronting risk decisions. Our results provide further neural
evidence for the loss aversion pattern and offer solid support
for the reliability of neural imaging results in neuroscience.
Both the MPL design using frames of gains and losses and the
unilateral tDCS stimulation in our experiment provide much
more precise measurements of risk attitude, demonstrating the
particular functions of certain neural regions in human risky
decision making. Although the study of decision making using
cognitive neuroscience techniques is relatively young, a growing
body of evidence suggests that decision making under risk
is mediated by a network of cortical and limbic structures.
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Our experiment reveals that loss aversion has a controllable,
reproducible and verifiable causal relationship with specific
neural systems, providing further evidence for the understanding
of prospect theory.
AUTHOR CONTRIBUTIONS
DH, SC, SW, JS, HY, JL, and HZ designed experiment; DH, SC,
SW, JS, HY, JL, and H.Z performed experiment; SC analyzed data;
DH drew figures; DH, SC, JL, and HZ wrote the manuscript; DH,
SC, SW, JS, HY, JL, and HZ revised the manuscript and DH,
SC, SW, JS, HY, JL, and HZ finally approved the version to be
published.
ACKNOWLEDGMENTS
This work was supported by the National Social Science
Fund, China (Grant number: 13AZD061, 15ZDB134), the
National Nature Science Foundation of China (Grant
number: 71403242) and the Social Science Planning Fund
Program of Zhejiang Province of China (Grant number:
16NDJC156YB).
REFERENCES
Bembich, S., Clarici, A., Vecchiet, C., Baldassi, G., Cont, G., and Demarini, S.
(2014). Differences in time course activation of dorsolateral prefrontal cortex
associated with low or high risk choices in a gambling task. Front. Hum.
Neurosci. 8:464. doi: 10.3389/fnhum.2014.00464
Boggio, P. S., Campanhã, C., Valasek, C. A., Fecteau, S., Pascual-Leone, A.,
and Fregni, F. (2010). Modulation of decision-making in a gambling task in
older adults with transcranial direct current stimulation. Eur. J. Neurosci. 31,
593–597. doi: 10.1111/j.1460-9568.2010.07080.x
Boggio, P. S., Zaghi, S., and Fregni, F. (2009). Modulation of emotions associated
with images of human pain using anodal transcranial direct current stimulation
(tDCS). Neuropsychologia 47, 212–217. doi: 10.1016/j.neuropsychologia.2008.
07.022
Boorman, E. D., and Sallet, J. (2009). Mean–variance or prospect theory? The
nature of value representations in the human brain. J. Neurosci. 29, 7945–7947.
doi: 10.1523/jneurosci.1876-09.2009
Breiter, H. C., Aharon, I., Kahneman, D., Dale, A., and Shizgal, P. (2001).
Functional imaging of neural responses to expectancy and experience of
monetary gains and losses. Neuron 30, 619–639. doi: 10.1016/s0896-6273(01)
00303-8
Camerer, C. (1998). Bounded rationality in individual decision making. Exp. Econ.
1, 163–183. doi: 10.1007/bf01669302
Camerer, C. (2005). Three cheers–psychological, theoretical, empirical–for loss
aversion. J. Mark. Res. 42, 129–133. doi: 10.1509/jmkr.42.2.129.62286
Camerer, C., Babcock, L., Loewenstein, G., and Thaler, R. (1997). Labor supply
of New York city cabdrivers: one day at a time. Q. J. Econ. 112, 407–441.
doi: 10.1162/003355397555244
Camerer, C., and Loewenstein, G. (2004). “Behavioral economics: past, present,
future,” in Advances in Behavioral Economics, eds C. F. Camerer, G.
Loewenstein, and M. Rabin (Princeton, NJ: Princeton University Press).
Carlsson, K., Petersson, K. M., Lundqvist, D., Karlsson, A., Ingvar, M., and
Öhman, A. (2004). Fear and the amygdala: manipulation of awareness
generates differential cerebral responses to phobic and fear-relevant
(but nonfeared) stimuli. Emotion 4, 340. doi: 10.1037/1528-3542.
4.4.340
Cazzell, M., Li, L., Lin, Z.-J., Patel, S. J., and Liu, H. (2012). Comparison of
neural correlates of risk decision making between genders: an exploratory fnirs
study of the balloon analogue risk task (bart). Neuroimage 62, 1896–1911.
doi: 10.1016/j.neuroimage.2012.05.030
Cohn, A., Engelmann, J., Fehr, E., and Maréchal, M. A. (2015). Evidence for
countercyclical risk aversion: an experiment with financial professionals. Am.
Econ. Rev. 105, 860–885. doi: 10.1257/aer.20131314
Davidson, R. J., Putnam, K. M., and Larson, C. L. (2000). Dysfunction in the neural
circuitry of emotion regulation—a possible prelude to violence. Science 289,
591–594. doi: 10.1126/science.289.5479.591
De Martino, B., Camerer, C. F., and Adolphs, R. (2010). Amygdala damage
eliminates monetary loss aversion. Proc. Natl. Acad. Sci. U.S.A. 107, 3788–3792.
doi: 10.1073/pnas.0910230107
Dhar, R., and Wertenbroch, K. (2000). Consumer choice between hedonic and
utilitarian goods. J. Mark. Res. 37, 60–71. doi: 10.1509/jmkr.37.1.60.18718
Engelmann, J. B., Meyer, F., Fehr, E., and Ruff, C. C. (2015). Anticipatory anxiety
disrupts neural valuation during risky choice. J. Neurosci. 35, 3085–3099. doi:
10.1523/jneurosci.2880-14.2015
Engelmann, J. B., and Tamir, D. (2009). Individual differences in risk preference
predict neural responses during financial decision-making. Brain Res. 1290,
28–51. doi: 10.1016/j.brainres.2009.06.078
Fecteau, S., Knoch, D., Fregni, F., Sultani, N., Boggio, P., and Pascual-
Leone, A. (2007a). Diminishing risk-taking behavior by modulating activity
in the prefrontal cortex: a direct current stimulation study. J. Neurosci. 27,
12500–12505. doi: 10.1523/jneurosci.3283-07.2007
Fecteau, S., Pascual-Leone, A., Zald, D. H., Liguori, P., Théoret, H., Boggio,
P. S., et al. (2007b). Activation of prefrontal cortex by transcranial
direct current stimulation reduces appetite for risk during ambiguous
decision making. J. Neurosci. 27, 6212–6218. doi: 10.1523/jneurosci.0314-
07.2007
Fischbacher, U. (2007). Z-tree: zurich toolbox for ready-made economic
experiments. Exp. Econ. 10, 171–178. doi: 10.1007/s10683-006-9159-4
Fox, C. R., and Poldrack, R. A. (2008). “Prospect theory and the brain,” in Handbook
of Neuroeconomics, eds P. Glimcher, E. Fehr, C. Camerer, and R. Poldrack
(San Diego, CA: Academic Press).
Fukunaga, R., Brown, J. W., and Bogg, T. (2012). Decision making in the balloon
analogue risk task (bart): anterior cingulate cortex signals loss aversion but not
the infrequency of risky choices. Cogn. Affect. Behav. Neurosci. 12, 479–490.
doi: 10.3758/s13415-012-0102-1
Gandiga, P. C., Hummel, F. C., and Cohen, L. G. (2006). Transcranial dc
stimulation (tdcs): a tool for double-blind sham-controlled clinical studies in
brain stimulation. Clin. Neurophysiol. 117, 845–850. doi: 10.1016/j.clinph.2005.
12.003
Gurevich, G., Kliger, D., and Levy, O. (2009). Decision-making under uncertainty–
a field study of cumulative prospect theory. J. Bank Financ. 33, 1221–1229.
doi: 10.1016/j.jbankfin.2008.12.017
Holper, L., Wolf, M., and Tobler, P. N. (2014). Comparison of functional near-
infrared spectroscopy and electrodermal activity in assessing objective versus
subjective risk during risky financial decisions. Neuroimage 84, 833–842. doi:
10.1016/j.neuroimage.2013.09.047
Holt, C. A., and Laury, S. K. (2002). Risk aversion and incentive effects. Am. Econ.
Rev. 92, 1644–1655. doi: 10.2139/ssrn.893797
Kahneman, D., Knetsch, J. L., and Thaler, R. H. (1990). Experimental tests of
the endowment effect and the coase theorem. J. Polit. Econ. 98, 1325–1348.
doi: 10.1086/261737
Kahneman, D., and Tversky, A. (1979). Prospect theory: an analysis of decision
under risk. Econometrica 47, 263–291. doi: 10.2307/1914185
Kahneman, D., and Tversky, A. (1984). Choices, values, and frames. Am. Psychol.
39, 341. doi: 10.1037/0003-066x.39.4.341
Kenrick, D. T., Griskevicius, V., Sundie, J. M., Li, N. P., Li, Y. J., and Neuberg, S. L.
(2009). Deep rationality: the evolutionary economics of decision making. Soc.
Cogn. 27, 764. doi: 10.1521/soco.2009.27.5.764
Knoch, D., Gianotti, L. R., Pascual-Leone, A., Treyer, V., Regard, M., Hohmann, M.,
et al. (2006). Disruption of right prefrontal cortex by low-frequency repetitive
transcranial magnetic stimulation induces risk-taking behavior. J. Neurosci. 26,
6469–6472. doi: 10.1523/jneurosci.0804-06.2006
Frontiers in Psychology | www.frontiersin.org 9 January 2017 | Volume 8 | Article 38
fpsyg-08-00038 January 21, 2017 Time: 15:14 # 10
Huang et al. tDCS Affects Risk Preference
Knutson, B., Adams, C. M., Fong, G. W., and Hommer, D. (2001). Anticipation of
increasing monetary reward selectively recruits nucleus accumbens. J. Neurosci.
21, 15.
Krawczyk, D. C., and D’Esposito, M. (2013). Modulation of working memory
function by motivation through loss-aversion. Hum. Brain Mapp. 34, 762–774.
doi: 10.1002/hbm.21472
Lin, Z. J., Li, L., Cazzell, M., and Liu, H. (2014). Atlas-guided volumetric diffuse
optical tomography enhanced by generalized linear model analysis to image risk
decision-making responses in young adults. Hum. Brain Mapp. 35, 4249–4266.
doi: 10.1002/hbm.22459
Markowitz, H. (1952). Portfolio selection. J. Financ. 7, 77–91. doi: 10.1515/
9783486819069-006
Martin, L. N., and Delgado, M. R. (2011). The influence of emotion regulation
on decision-making under risk. J. Cogn. Neurosci. 23, 2569–2581. doi: 10.1162/
jocn.2011.21618
McElroy, T., and Seta, J. J. (2004). On the other hand am I rational? Hemispheric
activation and the framing effect. Brain Cogn. 55, 572–580. doi: 10.1016/j.bandc.
2004.04.002
McFarlane, T., and Pliner, P. (1997). Increasing willingness to taste novel foods:
effects of nutrition and taste information. Appetite 28, 227–238. doi: 10.1006/
appe.1996.0075
Mohr, P. N., Biele, G., and Heekeren, H. R. (2010). Neural processing of risk.
J. Neurosci. 30, 6613–6619. doi: 10.1523/JNEUROSCI.0003-10.2010
Nitsche, M., and Paulus, W. (2000). Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J. Physiol. 527,
633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x
Pammi, V. C., Rajesh, P. P. G., Kesavadas, C., Mary, P. R., Seema, S.,
Radhakrishnan, A., et al. (2015). Neural loss aversion differences between
depression patients and healthy individuals: a functional MRI investigation.
Neuroradiol. J 28, 97–105. doi: 10.1177/1971400915576670
Peciña, M., Mickey, B. J., Love, T., Wang, H., Langenecker, S. A., Hodgkinson, C.,
et al. (2013). DRD2 polymorphisms modulate reward and emotion processing,
dopamine neurotransmission and openness to experience. Cortex 49, 877–890.
doi: 10.1016/j.cortex.2012.01.010
Peña-Gómez, C., Vidal-Piñeiro, D., Clemente, I. C., Pascual-Leone, Á, and
Bartrés-Faz, D. (2011). Down-regulation of negative emotional processing by
transcranial direct current stimulation: effects of personality characteristics.
PLoS ONE 6:e22812. doi: 10.1371/journal.pone.0022812
Phelps, E. A., Lempert, K. M., and Sokol-Hessner, P. (2014). Emotion and decision
making: multiple modulatory neural circuits. Annu. Rev. Neurosci. 37, 263–287.
doi: 10.1146/annurev-neuro-071013-014119
Rick, S. (2010). Losses, gains, and brains: neuroeconomics can help to answer open
questions about loss aversion. J. Consum. Psychol. 21, 453–463. doi: 10.1016/j.
jcps.2010.04.004
Rogers, R. D., Owen, A. M., Middleton, H. C., Williams, E. J., Pickard, J. D.,
Sahakian, B. J., et al. (1999). Choosing between small, likely rewards and large,
unlikely rewards activates inferior and orbital prefrontal cortex. J. Neurosci. 19,
9029–9038.
Schonberg, T., Fox, C. R., and Poldrack, R. A. (2011). Mind the gap: bridging
economic and naturalistic risk-taking with cognitive neuroscience. Trends
Cogn. Sci. 15, 11–19. doi: 10.1016/j.tics.2010.10.002
Sellaro, R., Güroglu, B., Nitsche, M. A., Van Den Wildenberg, W. P.,
Massaro, V., Durieux, J., et al. (2015). Increasing the role of belief
information in moral judgments by stimulating the right temporoparietal
junction. Neuropsychologia 77, 400–408. doi: 10.1016/j.neuropsychologia.2015.
09.016
Shackman, A. J., McMenamin, B. W., Maxwell, J. S., Greischar, L. L., and Davidson,
R. J. (2009). Right dorsolateral prefrontal cortical activity and behavioral
inhibition. Psychol. Sci. 20, 1500–1506. doi: 10.1111/j.1467-9280.2009.02476.x
Simon, O., Mangin, J.-F., Cohen, L., Le Bihan, D., and Dehaene, S. (2002).
Topographical layout of hand, eye, calculation, and language-related areas in
the human parietal lobe. Neuron 33, 475–487. doi: 10.1016/s0896-6273(02)
00575-5
Sokol-Hessner, P., Camerer, C. F., and Phelps, E. A. (2012). Emotion regulation
reduces loss aversion and decreases amygdala responses to losses. Soc. Cogn.
Affect. Neurosci. 8, 341–350. doi: 10.1093/scan/nss002
Tom, S. M., Fox, C. R., Trepel, C., and Poldrack, R. A. (2007). The neural basis of
loss aversion in decision-making under risk. Science 315, 515–518. doi: 10.1126/
science.1134239
Trepel, C., Fox, C. R., and Poldrack, R. A. (2005). Prospect theory on the brain?
Toward a cognitive neuroscience of decision under risk. Brain Res. Cogn. Brain
Res. 23, 34–50. doi: 10.1016/j.cogbrainres.2005.01.016
Tversky, A., and Kahneman, D. (1981). The framing of decisions and the
psychology of choice. Science 211, 453–458. doi: 10.1007/978-1-4613-2391-4_2
Tversky, A., and Kahneman, D. (1991). Loss aversion in riskless choice: a
reference-dependent model. Q. J. Econ. 106, 1039–1061. doi: 10.2307/293
7956
Tversky, A., and Kahneman, D. (1992). Advances in prospect theory: cumulative
representation of uncertainty. J. Risk Uncertain 5, 297–323. doi: 10.1007/
bf00122574
Viscusi, W. K., and Chesson, H. (1999). Hopes and fears: the conflicting effects of
risk ambiguity. Theory Decis. 47, 157–184. doi: 10.1023/A:1005173013606
Weber, M. J., Messing, S. B., Rao, H., Detre, J. A., and Thompson-Schill, S. L.
(2014). Prefrontal transcranial direct current stimulation alters activation and
connectivity in cortical and subcortical reward systems: a tdcs-fmri study. Hum.
Brain Mapp. 35, 3673–3686. doi: 10.1002/hbm.22429
Wilkinson, N., and Klaes, M. (2012). An Introduction to Behavioral Economics.
Basingstoke: Palgrave Macmillan.
Williams, C. A. (1966). Attitudes toward speculative risks as an indicator of
attitudes toward pure risks. J. Risk Insur. 33, 577–586. doi: 10.2307/251231
Xu, L., Liang, Z.-Y., Wang, K., Li, S., and Jiang, T. (2009). Neural mechanism of
intertemporal choice: from discounting future gains to future losses. Brain Res.
1261, 65–74. doi: 10.1016/j.brainres.2008.12.061
Ye, H., Chen, S., Huang, D., Wang, S., Jia, Y., Luo, J., et al. (2015a). Transcranial
direct current stimulation over prefrontal cortex diminishes degree of risk
aversion. Neurosci. Lett. 598, 18–22. doi: 10.1016/j.neulet.2015.04.050
Ye, H., Chen, S., Huang, D., Wang, S., and Luo, J. (2015b). Modulating activity
in the prefrontal cortex changes decision-making for risky gains and losses:
a transcranial direct current stimulation study. Behav. Brain Res. 286, 17–21.
doi: 10.1016/j.bbr.2015.02.037
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Huang, Chen, Wang, Shi, Ye, Luo and Zheng. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Psychology | www.frontiersin.org 10 January 2017 | Volume 8 | Article 38
